An ion imprinted polymer (IIP) was synthesized by using Pb(II) as a template, methacrylic acid as a monomer, 8-hydoxyquinoline as a ligand, ethylene glycol dimethacrylate (EGDMA) as a crosslinker, and azobisisobutyronitrile as initiator. It can be applied to prepare lead ion selective voltammetric sensor for Pb(II) adsorption and trace detection. The Pb(II)-IIP was characterized by FTIR spectra and SEM image. Under optimized conditions of polymerization, the Pb(II)-IIP showed good adsorption behavior toward Pb(II), with a magnitude of three times higher than that of the non imprinted polymer (NIP). Also, it exhibited a favorable selectivity for Pb(II), compared with other heavy metal ions of Hg(II), Cd(II), Cu(II), and a negligible adsorption to the other cations. The synthesized IIP was used to determine trace levels of Pb(II) in food and water samples, with a calibration linear range over Pb(II) concentrations of 0.05 -60 μM and a limit of detection at 0.01 μM.
Introduction
As a highly hazardous heavy metal element, lead can accumulate in human and animal organs or tissues, causing chronic poisoning, including stomach damage, anemia or other permanent harm toward ankles, fingers, even brains. [1] [2] [3] Leadcontained products are now widely used in our daily commodities, such as batteries, cosmetics, gasoline and electroplating products, etc. Additionally, lead exists in some ores, rocks and soils, which contaminates river, air and human food, especially dust around lead-containing mining plants. 4 Lead is now classified as a Group B2 human carcinogen according to the US Environmental Protection Agency. The World Health Organization set up a maximum tolerance level of 10 μg L -1 for lead in drinking water. China has also published several national standards toward lead limitation. For example, the maximum allowable limit for lead in surface water (GB 3838-2002) from Grade 1 to Grade 5 are 10, 10, 50, 50, 100 μg L -1 , respectively. In addition, the maximum limit for lead contaminant in cereals, beans and meats is set at 0.2 mg kg -1 (GB 2762 (GB -2005 .
Methods for heavy metals determination mainly include optical analysis, such as flame/graphite furnace atomic absorption spectrometry, [5] [6] [7] inductively coupled plasma atomic emission spectrometry, 8 hydride generation atomic fluorescence spectrometry 9 and inductively coupled plasma mass spectrometry, 10 and electrical analysis like anodic stripping voltammetry via electrochemical sensor. 11, 12 Compared with optical methods, electrochemical methods possess such advantages as low instrumental cost, portability, sufficient sensitivity, preconcentration function and low matrix interferences, which altogether makes it an extremely favorable technique.
The molecular imprinting technique works as a practical approach to create synthetic polymer used for pre-designed molecular recognition. This method can form not only binding sites in cross-linked polymers according to a molecular template but also inorganic cation selective sites called ion imprinted polymers (IIP). Different types of imprinted polymers have been reported for recognition of metal ions, [13] [14] [15] [16] [17] especially for toxic heavy metals like Pb, 18, 19 Hg 20 and Cd 21, 22 in order to improve the detection sensitivity or enhance selectivity for potential interfering species.
Based on a novel formulation, a lead ion imprinted polymer was synthesized in this report and it exhibited high efficacy as a modifying agent to be used in a lead ion selective voltammetric sensor. This sensor was utilized to detect trace level of Pb(II) in water and rice sampled from Ganzhou, Jiangxi Province, China.
Experimental

Reagents and chemicals
Dimethyl sulfoxide, azobisisobutyronitrile and ethylene glycol dimethacrylate (EGDMA) were purchased from Sigma (USA), while 8-hydroxyquinoline, methacrylic acid, chitosan and all other chemicals were purchased from Guoyao Chemical Reagents Corp., Shanghai, China. Standard stock solution of lead (5.00 × 10 -4 mol L -1 ) was prepared by dissolving proper amount of Pb(NO3)2·6H2O in 0.1 mol L -1 nitric acid, and the same preparation was applied to all the other metal ions. All the chemicals used were of analytical grade. Ultrapure water was prepared using a Milli-Q system from Millipore (Bedford, MA, USA).
Apparatus
Fourier transform infrared (FT-IR) spectra in KBr were recorded using 360 FT-IR spectrometer (Thermo Nicolet Corporation). A digital pH meter (PHS-3C, Shanhai Precision & Scientific Instrument) was used for pH adjustment. Electrochemical measurements were performed using a CHI-660B electrochemical workstation (USA). The electrochemical system was composed of a three-electrode cell, where glass carbon electrode (f = 3 mm) worked as working electrode and a platinum wire as counter electrode. All potentials were measured against an Ag/AgCl electrode.
Preparation of Pb(II) imprinted polymer powder
The preparation of lead ion imprinted polymer (IIP) involved two basic steps. First, 1 mmol of Pb(NO3)2 as template and 1 mmol of auxiliary ligand of 8-hydroxyquinoline were dissolved in 20 mL dimethyl sulfoxide solvent in a test tube. After total dissolution, 4 mmol of methacrylic acid monomer and 3.2 mL cross-linking agent of EGDMA were added followed by thorough stirring with bubbling nitrogen gas for 15 min. Then, 0.2312 g azobisisobutyronitrile was added as an initiator followed by stirring with bubbling nitrogen gas for 7 -10 min. The test tube was then sealed immediately and kept in a thermostat water bath at 60 C for 24 h. As the second step, the polymer yielded from the previous step was in turn washed with 2 mol L -1 hydrochloric acid to remove the target ion of lead and absolute ethanol to remove remaining organic solvents. Scheme 1 provides the images of synthesized Pb(II)-IIP after each step. The product was then dried in a vacuum drying oven at 60 C before grounding in a mortar and sieving to particles with diameter in the range of 45 -55 μm.
The non-imprinted polymer (NIP) was prepared by the same protocol without the lead ion present in the polymerization mixture.
Preparation of impregnated glassy carbon electrode
To prepare a bare glassy carbon electrode (GCE), the electrode surface was mirror-polished with aluminum powder of different grain sizes on chamois leather and then rinsed by ultrapure water before sonic oscillations for 5 min in turn by nitric acid (50%, v/v), absolute ethanol and ultrapure water. Next, 20 mg of powdered IIP was added into 1% chitosan (acetic acid solution) and then sonically oscillated for 30 min to acquire a homogeneous dressing agent. This was followed by transferring 4 μL of the agent onto the surface of the clean GCE by microinjector and then drying at room temperature for 24 h.
Determination procedure by differential pulse voltammetry
The prepared electrode was inserted into a mixed solution containing a certain concentration of lead, 4 mL 2.0 mol L -1 KNO3, 3 mL 0.2 mol L -1 HAc-NaAc buffer solution (pH 4.5), and kept in a stirring state for 15 min then let to stand for 15 s. Then, a negative pre-potential of -1.2 V was applied to the electrode for 10 min to reduce the recognized target ions and then the differential pulse voltammetry was performed in the potential range of -1.2 --0.4 V.
After recording the voltammogram, the electrode was immersed into 0.1 mol L -1 HCl solution for cyclic voltammetry with potential range of 0.8 -0.4 V to remove Pb 2+ in the polymer films for the next measurement.
Sample preparation
Rice samples were collected from supermarkets in Ganzhou, Jiangxi Province, China, in April 2015. About 5 g of the sample was used for wet digestion by mixed acids of HNO3 and HCl. The mixture was heated on the hot plate and gently boiled until about 5 mL of digestion solution remained. Then, 10 mL of concentrated HCl was added followed by boiling again to produce a clear sample solution. The mixture was kept boiling until it concentrated into about 1 mL of solution. After cooling to room temperature, the residue was filtered and diluted to 25 mL with ultrapure water, and the pH was adjusted to 4.5.
Results and Discussion
Infrared spectra characterization
Characterization was carried out by IR spectrometry toward NIP(A), unleached Pb(II)-IIP (B) and leached IIP (C) as shown in Fig. 1 .
FT-IR spectra of the NIP, IIP (leached) and Pb(II)-IIP (unleached) are shown in Fig. 1 as (A), (B) and (C), respectively. The polymers have similar IR spectra because of the similar Scheme 1 Schematic illustration of imprinting process for the preparation of lead-imprinted polymer. backbones. A weak bond near 1618 cm -1 (υC=N), seen in the Pb(II)-IIP, is shifted to a higher frequency of 1636 cm -1 in the IIP. The similar peak of 1636 cm -1 can also be seen in NIP. The shift towards lower frequency in Pb(II)-IIP compared to IIP and NIP is probably attributed to the coordination bonding between the Pb(II) and the nitrogen in the bond of C=N of 8-hydroxyquinoline. The bonds in the region of 3412 -3455 cm -1 corresponds to the -OH groups in 8-hydroxyquinoline, which appeared in NIP, IIP and Pb(II)-IIP. The IR spectra of IIP and Pb(II)-IIP have similar backbone, indicating that 8-hydroxyquinoline exists in the polymer after leaching of Pb(II). The presence of a strong stretching vibration band at ~1726 cm -1 might be related to the υC=O of the carboxylic acid group of methacrylic acid, which can be seen in all examined polymers.
Scanning electron microscopy
The morphological structure of the IIP and NIP powder were studied by BRUKER Quanta 450 scanning electronic microscopy (SEM). The powder was first dispersed onto the substrate surface, then carbon tape was used for powder mounting, followed by gold coating treatment. As shown in Fig. 2 , the IIP formed a rough surface with certain cavities while the NIP exhibited a compact surface without cavity. The roughness of the surface is of great importance in the adsorption process that makes the mass transfer of lead ion to the polymer surface easier, enhancing the lead ion adsorption. Therefore, the IIP had much higher imprinting ability toward lead ion than that of NIP.
Effects of supporting electrolyte
Two supporting electrolytes, HAc-NaAc buffer and tartaric buffer, were compared and the results showed that the former was better with less blank value. As pH value of supporting electrolyte can influence the electrode response, peak currents (Cpb(II) = 6.0 × 10 -6 mol L -1 , HAc-NaAc system) were also studied when pH value varied in the range of 3.0 -6.0. As illustrated in Fig. 3 , the peak current curve rises at first and then tails off with the increase of pH value, and the optimum pH is equal to 4.5. The nitrogen atom of 8-hydroxyquinoline would be protonated at pH <4, resulting in the decrease of the Pb(II) ion adsorption. In contrast, Pb(II) ion could be hydrolyzed at pH >5, and thus the Pb(II) ion adsorption amount would be decreased, resulting in the decrease of peak current.
Optimization of the pre-potential magnitude and its applying time
In this work, a definite pre-potential was applied to the impregnated electrode for a certain time to concentrate lead via electroreduction and then the potential was scanned from -1.2 to -0.4 V to record the oxidation current of lead. It is clear that the pre-potential magnitude and its applying time can influence the sensor performance. Thus, the effect of these parameters on the response magnitude of the developed sensor was investigated. When we increased the negative potential magnitude applied to the electrode, this increased the rate of reduction in the electrode surface with a bigger peak current. However, the variation of the electrode response with the pre-potential magnitude changing showed an optimum at -1.2 V. At more negative potentials, the reduction of solvent can interfere with the target ions reduction, leading to reduced signal yielded by the electrode.
Increasing the applying time of pre-potential (-1.2 V) resulted in a rise in the electrode response. But when the pre-potential was applied for more than 15 min, the peak current reached a maximum value, implying the saturation of lead ion concentration.
Comparison of IIP and NIP
Four different electrodes, IIP-GC, NIP-GC, polymer-free electrode, and bare electrode, were compared in terms of peak current signals of 9.0 × 10 -7 mol L -1 Pb(II) by differential pulse anodic stripping method, and the results are shown in Fig. 4 .
As shown in Fig. 4 , the Pb(II)-IIP showed higher peak current than the other three GCEs, with a magnitude of nearly four times higher than that of bare electrode and three times higher than that of NIP, thus exhibiting a high sensitivity to lead ion determination. However, compared with the electrode modified only by chitosan, NIP is more sensitive to lead ion, which shows a very slight adsorption to the target ion.
Effect of IIP-GCE composition on its response
Since the composition and amount of IIP in the modified GCE plays important roles in the electrode performance, the optimum composition of IIP was assessed.
Chitosan was commonly used as an adhesive to stabilize IIPs onto the surface of electrodes. 23 As can be seen in Fig. 5A , with the increase of chitosan concentration, for the electrode dressed by chitosan and polymer, responses first increase then decreases. An optimal chitosan concentration of 1% is obtained, which is probably due to the resistance caused by excessive chitosan. When chitosan concentration is fixed to 1%, we observe peak current increase with thickness of chitosan modified dressing agent, and the optimal magnitude of agent is 4 μL, as shown in Fig. 5B .
Evaluation of the selectivity of Pb(II)-IIP
The sensitivity of Pb(II) imprinted polymer in the IIP-GCE was studied by incubation of the electrode in different solutions containing a mixture of Pb(II) of 6.0 × 10 -6 mol L -1 and some cations at various concentrations. Series of experiments showed that the common ions in water such as K + , Na + , NO3 -, Clhave no effects on Pb(II) determination. As for the other cations with potential interferences, such as Al(III),Ca(II), Gd(II), Cu(II), Fe(III), Hg(II), Mg(II), and Zn(II), they exhibited different influences on Pb(II) determination as shown in Fig. 6 . Figure 6 shows that the presence of copper, cadmium and mercury, at a Cu(II)/Pb(II), Cd(II)/Pb(II) ratio of 100, and Hg(II)/Pb(II) ratio of 60, impose interferences with lead ion, indicating the competition between these ions for occupying the selective cavities in the IIP, while the other cations of Al(III),Ca(II), Fe(III), Mg(II), and Zn(II) show negligible effect on the voltammetric signals, indicating good selectivity to lead ion of the proposed IIP-based sensor.
Analytical performance of IIP-GCE
The analytical performance for the proposed Pb(II)-IIP-GCE was investigated and the relative standard deviation for 11 repeated determinations of 9.0 × 10 -7 mol L -1 Pb(II) within a day was 3.8%. Under optimized experimental conditions, the calibration graph of the modified sensor was studied. As shown in Fig. 7 , the calibration graph of the sensor showed linear dynamic range over lead concentrations of 0.05 -60 μM. The limit of detection was at 0.01 μM (S/N = 3) with peak current of 0.22 μA. The curve equations were Ip = 6.975C + 0.3897 (R = 0.9997) and Ip = 6.898C + 0.078 (R = 0.9998, where Ip is peak current, C is lead concentration), which were relative to different standard solutions ranging from 0.05 to 60 μM and from 0.0 to 1 μM.
Sample determination
Water samples were collected from a waste pool in a factory near the Ganjiang River, Jiangxi province, China. Lead contents in the samples were determined by voltammetry and the recovery was between 95 -103%, assessed by standard addition method as shown in Table 1 . Two rice samples of different brands were collected from supermarkets and also determined by polargraphy as shown in Table 2 . The results were in good agreement with those by GFAAS and the lead content satisfied the requirement for lead limitation in cereal (0.2 mg kg -1 ) according to the national compulsory standard GB2762-2012.
Conclusions
In this paper, we introduced a new electrochemical sensor for detecting lead ions at trace levels. Application of IIP as a novel modifying agent in the glassy carbon electrode made it very selective for lead determination in the presence of common potential interfering metals. Therefore, the IIP represents a highly selective chemical interface for use in detection sensors. 
